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Abstract. The paper presents the results of a study of the electrical modes of ferronickel furnaces OTF-1 and OTF-2 at
the Pobuzhsky ferronickel plant. It was found that the furnaces operate in arcless mode. An asymmetrical voltage mode
is observed: electrode casing - under, which indicates an unbalanced mode of the furnace. As a result of measurements,
a significant transfer of power was detected in the area of the electrical circuit of the 4th, 5th, 6th electrodes. An analysis
of the electrical mode of a 48 MVA round ferronickel furnace in the city of Hua-Hua (China) showed that the use of a
furnace transformer without a voltage booster and an autotransformer makes it possible to provide the necessary electrical
mode of ferronickel furnaces. An analysis of the electrical mode of a 90 MVA round ferronickel furnace in Guatemala
showed the possibility of operating these furnaces in a combined mode, i.e. in the presence of an electric arc, which is
controlled by the resistance of the electrodes and the power ratio in the electric arc and slag.
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AHomauis. Y pobomi npedcmasneHo pe3yrnsmamu 00CiOXXeHHs1 eeKmpUYHUX pexxumie gpepoHikenesux nevet OTF-1
ma OTF-2 Ha lNoby3bkomy chepoHikenesomy 3asodi. BcmaHoerneHo, wo neyi npaytoroms y 6e30yeosomy pexxumi. Crio-
cmepizaembCsi acCUMempUYHUL PexXuM Harpyau, wo ceidyume npo He3banaHcoeaHull pexxum pobomu neyi. B pesyns-
mami 8uMipro8aHb 8USIB/IEHO 3HaYHy repedaydy MomyHocmi 8 30Hi efleKmpu4YHo20 Kona 4-20, 5-20, 6-20 enekmpodis.
AHani3 enekmpu4Ho20 pexumy Kpyernoi ¢hepoHikenesoi nedi momyxHicmio 48 MBA y micmi Xya-Xya (Kumat) noka3sas,
wo euKopucmaHHs rniYHo2o mpaHcgopmamopa 6e3 nidcunosaya Hanpyau ma asmompaHcgopmamopa 00380/5€ 3a-
besneyumu HeobXiOHUU enekmpuYHUU pexum hepoHikeneaux nedel. AHari3 el1eKmpu4YHO20 Pexxumy Kpyaroi gpepoHike-
nesoi nedi nomyxHicmio 90 MBA e 'eamemani noka3as moxnugicmb pobomu yux nedyel y KoMbiHOBaHOMY PeXUMI,
mo6mo 3a Hassi8HOCMI en1eKmpuYHoi dyau, sika KOHMPOIIEMbCS OTOPOM erlekmpodie ma crie8iOHOWEeHHSIM MoMyXHocmi
8 esleKmpuyHit y3i ma wiakxy.

Knro4yoei cnoea: hepoHikens, pyOHomepmidHa rid, enekmpuyHUl pexum, MamemamuyHe MOOeso8aHHs, Wecmu-erekx-

JlocaiIsKeHH eJIEKTPUYHUX PEKUMIB PY/1OBiTHOBJIIOBAJILHUX Nevei

mpodHa niid.

Introduction

The main quantity of ferroalloys is produced in
three-electrode and six-electrode ore reduction fur-
naces. Round three-electrode furnaces, which are
symmetrical not only in geometry, but also creates a
symmetrical load on the network, have become wide-
spread. Along with this, six-electrode furnaces with
round and rectangular electrodes are also used in in-
dustry. If a lot of research has been carried out on
round three-electrode furnaces, their optimal modes
for various alloys have been determined, then on rec-
tangular furnaces, there are few such researches and
it is still not clear how the current is distributed in the
working space of the furnace and what electrical mode
is optimal. To study this issue, we developed an elec-
trical model of a furnace, where the internal resistance
of a section of the electrical circuit was determined by
the internal resistance of ammeters. To solve this prob-
lem, the widespread computer program Electronic
Workbench 5.12 was used.

Theoretical and Experimental Researches

As six-electrode furnace is a powerful consumer of
a symmetrical three-phase network, then the circuit for
connecting consumers of each phase is equivalent to
an open triangle, and the source voltage of each phase
is distributed among the half-phases [1]. To determine
the role of the metal in the electrical circuit of the fur-
nace and the distribution of current in the bath, the first
model does not have grounding in half phases. Despite
the symmetry in voltage between the half-phases of
phases A and B, the current between them is about 7%
of the phase current (Fig. 1). As a result, the current
between half-phases increases. Thus, this model
makes it possible to estimate the current distribution in
the furnace with a sufficient degree of accuracy.

Based on theoretical assumptions, the electrical
modes of two six-electrode furnaces OTF-1 and OTF-
2 of the Pobuzhsky ferronickel plant were studied. Dur-
ing the research, it was found that the hearth of the fur-
nace bath is grounded with the workshop structures. In
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the area of the measuring complex, the potential of the
metal structures differs by 2-3 volts from the potential
of the furnace hearth.

During the research process, a method for identify-
ing the third harmonic, indicating the presence of an
arc, was developed and tested. To do this, while start-
ing one of the furnaces, an arc mode was artificially
created, which confirmed the possibility of using this
method for six-electrode furnaces. After the furnace
was brought into operating mode, the third harmonic
was absent, which indicated that the furnace was op-
erating without an arc [2].

While analyzing the measuring complex of furnaces
OTF-1 and OTF-2, it was found that in the source cir-
cuit of each phase there are two sections of the circuit
of the so-called half-phases. The furnace control sys-
tem ensures the symmetry of each half-phase in cur-
rent, voltage and power. It is believed that the sym-
metry of these parameters ensures optimal operation

of the furnaces.

The reaches which were made of electrode-under
voltages on both furnaces do not confirm the symmetry
of the input power into the furnace (Tables 1, 2). In the
tables the voltage are indicated as next: on the sec-
ondary windings of transformers — Usa, Uss, Uic; on half-
phases — Uao, Uox, Ueo, Uoy, Uco, Uoz, 0N electrodes —
Ue1, UeZ, Ue3, Ue4, UeS, Uee.

A characteristic feature of the values given in the
table is that the sum of the half-phase voltages (not
arithmetic, but geometric) is equal to the phase volt-
age, which indicates the influence of the current of
neighboring phases. Voltages of different magnitudes
on the electrode casing in relation to the hearth indi-
cate an unbalanced mode of the furnaces.

With the advent of a metal equivalent, the voltage
symmetry between sources is broken, but remains the
same between half-phases (Fig. 2).
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Fig. 1. Equivalent electrical circuit of a six-electrode furnace in the absence of zero at the hearth of the bath.
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Fig. 2. Equivalent electrical circuit of a six-electrode furnace with a zero at the hearth of the bath.

Table 1. Results of voltage measurements on the electrodes OTF-1

# U Ums Urc Uao Uox Uso on Uco Uoz Uet Ue2 Ues Ues Ues Ues

1 1388 | 390 |[373 |253 | 202 | 257 | 255 |271 271 249 | 194 | 248 | 252 | 264 | 268

2 1348 | 375 | 367 | 262 | 218 | 252 | 260 |272 |274 | 260 | 216 | 257 | 255 | 268 | 261
Table 2. Results of voltage measurements on the electrodes OTF-2

# U Ums Urc Uao Uox Uso on Uco Uoz Uet Ue2 Ues Ues Ues Ues

1 447 | 355 | 434 | 236 | 222 | 272 | 227 | 205 |320 |225 | 219 |255 | 227 | 202 | 303

2 | 466 | 374 | 407 [ 240 | 192 | 263 | 268 | 320 | 243 | 219 | 181 201 202 | 325 | 235

Of particular interest were measurements of the
voltage between the electrode casings of one phase,
which turned out to be much greater than the voltage
of the secondary winding of the transformer.
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As shown by measurements between 3™ and 4t,
and especially between 5" and 6% electrodes, the volt-
age of the secondary winding of the transformer of
phases B and C significantly exceeded, which



indicates the transfer of power from adjacent phases
using a magnetic field. A large voltage between the
electrodes of adjacent phases indicates a significant
current between the electrodes of adjacent phases.
The unbalance of the voltages measured in the elec-
trode-under section indicates an unbalanced power
distribution (Fig. 3 — 6).

The calculations showed that the power losses for
the first and second modes of OTF-1 were 751.8 kW
and 861.6 kW, respectively, taking into account losses
in the transformer - 1303.1 kW and 1412.9 kW [3].

OTF-2 is characterized by artificial current unbal-
ance, power transfer between phases B and C, as well
as losses on a short network that are greater than on
OTF-1 - in total they were 1534.7 kW and 1484.3 for
the first and second measurements, taking into ac-
count losses in the transformer - 2089.7 kW and
2039.3 kW.

The measured voltage between the electrodes and
the hearth confirms the unbalance of power introduced
across the half-phases.

Measurements showed the presence of a current
between adjacent phases, which for a symmetrical
mode is more than 10% of the electrode current, i.e. it
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is impossible to assume that in a six-electrode furnace
the phase circuits are autonomous.

After processing the measurement results of the
electrical mode, a mathematical model of a six-elec-
trode ferronickel furnace was compiled, taking into ac-
count power transfer. The resistance of sections of the
electrical circuit was represented by the internal re-
sistance of the current meters. There is no nonlinear
element in the furnace circuit - an electric arc. The
model shows complete symmetry in phases. The
transfer of energy by the magnetic field of adjacent
phases is represented by additional sources of EMF
for phases B and C. The electrode currents of phases
B and C are higher than phase A. The current in the
upper horizons of the furnace is 50% of the electrode
current. The current between adjacent phases is 15%
of the electrode current. Noteworthy is the large volt-
age unbalance in the half-phases between the elec-
trode casing and the furnace hearth - and this means
that there is an unbalance of the power introduced into
the furnace in half-phases. The voltages between the
electrode casings, measured on an operating furnace,
are close in value to those obtained from the mathe-
matical model.
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Fig. 3. Voltage measurement scheme OTF-1.
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Fig. 4. Voltage measurement scheme OTF-2.
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Fig. 6. Voltage measurement scheme OTF-2.

Using a mathematical model, the electrical mode
was analyzed by half-phases of a six-electrode ferro-
nickel furnace (Fig. 7).

Based on the data obtained from the measurement
results at OTF-1 and OTF-2 and the mathematical
model, proposals were made that make it possible to
increase the accuracy of measurements and ensure
symmetrical operation of the furnaces.

Thus, based on numerous measurements of the
electrical operating modes of six-electrode furnaces
OTF-1 and OTF-2, it was established:

« furnaces operate in resistance mode and the main
amount of energy is released in the upper horizons of
the furnace;

» furnaces producing ferronickel from oxidized
nickel ores are characterized by arcless operation;

« significant power transfer was noted in phases B
and C. This indicates an asymmetric operating mode
of the furnaces, which causes an increase in the volt-
age between electrodes 3-4 and 5-6, respectively;
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« the potential of the OTF-2 measuring complex dif-
fers from the furnace feed potential by 2-3 V.

Round three-electrode furnaces are powered by a
three-phase alternating current network, which is pro-
vided by single-phase and three-phase furnace trans-
formers. In the second case, the short network is
asymmetrical and power transfer is observed. With sin-
gle-phase transformers, a short network can be sym-
metrical. Under these conditions, it becomes possible
to work at different stages in phases. This generates
an equalizing current in the triangle circuit. Its magni-
tude is not controlled by anyone, and given the triangle
switching on the electrodes, this current, passing be-
tween the cheeks of adjacent phases, can cause over-
heating of the electrode casing, disrupt the mode of its
formation and subsequently break. Therefore, it is un-
acceptable to work at different stages on phases. In
such furnaces, it is easy to control their electrical mode
using the third harmonic, indicating the presence of an
arc.
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Fig. 8. Electrical diagram of a three-electrode furnace research.

As already noted, three-electrode arc furnaces cre-
ate a symmetrical load on the network. To compensate
for reactive power, longitudinal or transverse compen-
sation is used. With longitudinal compensation, the in-
ductive reactance of a short network can be compen-
sated to a large extent, while the X./R condition of con-
tinuous arc burning is violated, which limits the power
input into the furnace. Therefore, a transverse com-
pensation scheme is mainly used. Furnaces operating
at low cos ¢ provide conditions for continuous arc
burning. Traditionally, furnaces were equipped with

furnace units, where, in addition to the furnace trans-
former, booster transformers and autotransformers
were used. In one of the projects of a ferronickel plant
in China, a furnace transformer without a booster
transformer was proposed. The secondary winding of
each phase consisted of 4 windings for a current of
10000 A. Switching of these windings is carried out us-
ing jumpers.

The technical characteristics of the ore-thermal
round furnace with a capacity of 48 MVA are given in
table 3.

Table 3. Technical characteristics of the ore-thermal round furnace with a capacity of 48 MVA.

Parameters Unit Meaning
Furnace power MVA 48
Transformer rated power MVA 16
Number of transformers - 3
Primary voltage kV 110
Limits of secondary line voltage when connecting secondary windings in series | V 800-340
Limits of secondary line voltage with parallel connection of secondary windings | V 400-170
Number of transformer stages - 24
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Fig. 9. Short network switching: a — diagram; b — general view.

As indicated in the characteristics, the furnace has
3 single-phase transformers of 16 MVA each.

The project envisaged the use of nickel-containing
raw materials with various physical and chemical prop-
erties in the processing process. In this regard, the fur-
nace transformer must have a wide range of voltage
adjustment of the secondary winding with a high utili-
zation rate of the installed power of the transformer.

We have thoroughly worked out the theoretical ba-
sis for solving this problem. The existing method of in-
creasing the cross-section of the secondary winding at
several subsequent stages compared to the first one
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does not provide a solution to the problem. In our case,
it was necessary to solve this problem by changing the
voltage of the secondary winding of the furnace by
50%. A split-phase circuit was proposed, consisting of
4 secondary windings designed for a current of 10 kA
with their subsequent switching, which ensures a min-
imum number of switching elements and a minimum
switching current. To solve this problem, a non-stand-
ard arrangement of the terminals of the secondary
windings of the transformer was proposed, which was
successfully implemented by the Chinese transformer
manufacturer (Sinosteel company) based on a patent



of Ukrainian specialists [4]. During switching process
4 secondary windings were connected in parallel,
which provided a phase current of 40 kA and an elec-
trode current of 69.2 kA. The circuit was assembled
with 4 jumpers in 10 kA circuits with a linear voltage of
400 V. The second switching mode provides for pair-
wise series-parallel connection of secondary windings.
Switching is carried out by two jumpers in a 10 kA
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current circuit (Fig. 9).

With this switching, the linear voltage of the second-
ary winding is 800 V at a rated phase current of 20 kA,
and the electrode current of 34.6 kA. Feeding substa-
tion with deep input 110 kV (Fig. 10). The 110 kV cur-
rent supply to the furnace units is carried out through
modern measuring and switching devices.

PHASE 1 PHASE 2

SUPPLY
CAPACITY

72 MVA 163 MVA

52 MW
72 MVA
(limitad)

118 MW
135 MVA

LOAD

34.5 kv

135 MVA

SVC
200 MVAR TCR
157 MVAR FILTERS

ARC FURNACE
43-90 MW

REFINING FURNACE

2 x 20 MVA

%

PROCESS PLANT
MOTIVE LOAD

8 MW 10-20 MW

Fig. 10. Furnace power supply diagram.

With the help of hydraulics bypass and move the
electrodes happens. During the period of operation of
the furnace, switching devices and other components
of the electrical circuit showed reliable operation and
efficient operation of the furnace at optimal electrical
parameters for conducting the process on nickel-con-
taining raw materials with various physical and chemi-
cal properties.

The ore-thermal furnace (OTF) at the ProNico plant
(Guatemala) is a round furnace designed for smelting
cinder with a nominal power of 90 MW [5]. The three-
transformer 45 MVA furnace is designed to melt
180 tons of cinder per hour at a furnace power of
90 MW, with a specific hearth power of approximately
400 kW/m2 and a power utilization factor of 0,85 under
load. A summary of the design parameters of the fur-
nace section is given in Table 4.

Controlling the electrical mode of the furnace is in
changing the following parameters [6]:

* current on the electrodes (le) — depends on the
voltage on the electrodes. As the resistance increases,
the current decreases and vice versa;

» voltage on the electrodes (Ue)) — depends on the
supply voltage on the high side (5.52 kV, 11 kV,

17.25 kV, 34.5 kV), the connection diagram of the fur-
nace transformer windings (Y or A), and the position of
the voltage step switch (1-35).

The current and voltage on the electrodes deter-
mine the power by phase and the total power of the
furnace (Fig. 11).

The choice of electrical mode under different condi-
tions is shown at Fig. 12-15.

The resistance at the electrodes (Re)) determines
the position of the working end of the electrode in rela-
tion to the slag surface (Fig. 16) and the ratio of the
power (or heat) generated in the arc to the power re-
leased in the slag bath due to the resistance of the
slag.

The resistance or electrical conductivity of the slag
depends on its composition (k — electrical conductivity,
1/0Ohm-cm):

In(k) = -4,45+9,152-Fe0+5,34:(CaO+MgO) at 1500 °C

As can be seen from the equation, MgO and espe-
cially FeO increases electrical conductivity or reduces
resistance. It is also known that SiO2 and Al203 in-
crease the resistance of the slag.
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Table 4. Parameters of round OTF.

Parameter Unite Operation with one Operation with two
tubular rotary furnace tubular rotary furnace
Furnace power MW 45 90
Melting of the cinder t/h 90 180
Cinder temperature °C 850-900
Total electricity consumption (per 1 ton of cinder) | kW-h/t 520 ‘ 480
Furance diameter (inside the casing) m 18
Furnace diameter 16.9
(inside the lining) m ’
Furnace operating mode Half-arc ‘ Arc
Hearth area m2 225
Specific power of the hearth kW/m? 200 400
Bath specific power kW/m? 200 130
for 1 oloorode. mohm | 6 12
Electrode current strength kA 45 45
Characteristics of electrodes 3 Soderberg electrodes — 2 m in diameter
Transformer rated power MBA 135
Transformer rated current kA 60
Metal release temperature °C 1525
Temperature of the liquid phase of the metal °C 1450
Slag release temperature °C 1600
Temperature of the liquid phase of the slag °C 1550
Metal production rate t/h 41 9,7
Metal release frequency pcs/day 2,1 5
Slag production rate t/h 64,6 158,3
Dust generation rate t/h 0,9
Exhaust gas volume nm3h 14385 35970
Flue gas temperature °C 750-850
brr lrer brar
1,:5;_ _ VFL _ V TRF
Ry, V3x Ry

Py =Vgy x1g
3 ELECTRODES ARE CONDUCTING

Ppve =3%x Py

Fig. 11. Schematic diagram of the connection of furnace transformers and electrodes.
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Furnace PVI Diagram - 34.5 kV Full Power Operation
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Fig. 15. Area of active melting zone depending on Rei, Parc and Po.

The total power released in the furnace consists of
the power released in the arc (Parc) and the power re-
leased in the slag bath (Pb). The ratio Parc / Py is an
important technological parameter. Insufficient power
of the slag bath Py will lead to low slag temperature,
more viscous slag and difficulties with its release.
Too high a power of the slag bath will increase the ther-
mal load on the lining of the furnace walls, due to the
increased temperature of the slag (increased over-
heating), and will lead to more intense mixing of
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the slag in the furnace (wear of the lining and high
heat losses).

The resistance value on the electrodes (Re) is
determined by the furnace operator depending on
the target ratio Parc / Po. As the resistance value
increases, the penetration of the electrodes into
the slag decreases (or the distance from the end of
the electrode to the surface of the slag increases), and
the area of the active melting zone of the slag
bath changes.
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Position of the working end of the electrode over the slag depending on Rel
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Al203 - 2,6; S102/MgO - 1,39

Fig. 16. Position of the working end of the electrode depending on Re..

Table 5. Operating modes and electrical parameters of the OTF

Operating mode Power, MW Rel, mOhm Average Poarc / Po
Idling <7 3-10 0

Warming up 7-20 7-14 1,4

Normal operation 20-30 10-16 1,7

Normal operation 30-40 12-18 2,0

Normal operation 40-50 15-20 2,3

Normal operation 50-60 18-22 2,7

Normal operation >60 >18 >2,9

Table 6. Electric mode of the furnace in 24 hours

Parameter One-time parameter Parameter range for 24 hours
P [MW] 84 79-87,0

P [MW] one phase 28 16,6-49,9

cos ¢ 0,91 0,58-0,95

| [kA] 43,7 16,6-54,5

UVv] 664,3 450-1204

Stage 13 12-15

Electrode bypass [mm] 575,5 126-835
Active resistance R [mOhM] 15,7 9,2-87,3

Conclusions

Electrical parameters of ore reduction furnaces with
a capacity of 46-90 MW with a rectangular (six-elec-
trode) and round (three-electrode) bath are character-
ized by a significant difference in the distribution of
electric current in the bath of smelting units - in

rectangular furnaces there is a power imbalance in the
half-phases, and in round furnaces - on the electrodes
when operating at different phase voltages. The au-
thors of the current paper are working to improve the
electrical parameters of ore reduction furnaces and de-
velop new sources of their energy supply.
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